District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, prolonging the investment return period. The main scope of this paper is to assess the feasibility of using the heat demand -outdoor temperature function for heat demand forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were compared with results from a dynamic heat demand model, previously developed and validated by the authors. The results showed that when only weather change is considered, the margin of error could be acceptable for some applications (the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and improve the accuracy of heat demand estimations. 
Abstract
In 2013, about 82% of the total CO2 emissions from transportation systems in the U.S. were caused by road transportation, highly based on internal combustion engines (ICE). Organic Rankine Cycles (ORC) are a waste heat recovery (WHR) technology that can contribute significantly to reduce environmental impact of road transportation. A trade-off has to be found between the improved fuel energy utilization and the weight and volume of the ORC, which increase the vehicle load and reduce the available space for transportation. In the present work, 17 working fluids are analyzed as possible candidates for WHR with direct-evaporation ORC in long-haul trucks. The preheater/evaporator is modelled as a finned shell-and-tube heat exchanger, while the condenser is an aircooled finned flat-tube heat exchanger, as in common truck radiators. The ORC process is optimized for each fluid in terms of maximum power output, taking into account the impact of the working fluid on the heat exchanger weight and volume. The heat exchangers are modelled in MATLAB®. The results show that acetone and ethanol can recover more than 6 kW of mechanical power, but the system would present large weight and required space. Isobutane shows the highest power-to-weight and power-tovolume ratio (234 W/kg and 277 W/dm 3 resp.), but the net power output is lower. Cyclopentane and pentane allow a good tradeoff between power output and space requirement. The discussed procedure can be also applied to other transportation systems, where the condenser might have to be adapted to different boundary conditions. © 2017 The Authors. Published by Elsevier Ltd. Peer-review under responsibility of the scientific committee of the IV International Seminar on ORC Power Systems. 
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Introduction
In the United States, the transportation sector accounted for 26% of the greenhouse gas emissions in 2014 [1] . The largest source of CO2 emissions in this sector is road transportation, highly based on diesel and gasoline internal combustion engines (ICE), which accounted for about 82% of the total transportation emissions in 2013 [2] . Since 80% of the goods in the U.S. are hauled by means of long-haul trucks, measures to reduce the fuel consumption and emissions of long-haul trucks are of major importance [3] . The two goals might counteract each other; studies report that the increase in efficiency of heavy-duty vehicles has been slowed down by e.g. DeNOx after-treatment [4] .
A significant reduction in fuel consumption can be achieved by utilizing the waste heat, which is generally transferred to the environment by means of the exhaust gases and engine cooling system [5] [6] [7] . The exhaust gases are typically more attractive because of the higher exergy content [8] . Organic Rankine Cycle (ORC) are a valuable option to convert the waste heat into either mechanical or electrical energy [3, 9] . Recently, most of the research has been driven towards the thermodynamic and turbomachinery optimization of ORC [10] [11] [12] . The impact of the working fluid on the weight and size of the system has been instead hardly studied [13] . It has been pointed out in previous work by the authors, that weight and space requirement of the ORC system can be critical for the economic performance of the ORC integration, especially for road transportation [14] . The weight of the ORC has in fact not only a negative effect on the waste heat recovery because of the increased vehicle load, but it also represents an important indicator of the purchase costs. It is therefore interesting to compare different working fluids not only in the achievable power output, but also in the ORC compactness and weight. The present works compares the performance of different organic working fluids for waste heat recovery from ORC. The power-to-weight (PTW) and power-to-volume ratio (PTV) of different working fluids is determined for common exhaust gas conditions for heavy-duty trucks on highway. Varying driving conditions might change the net power output, and hence the effective PTW and PTV. The methodology can be also used for other applications, where weight and space availability are of major concern. In future work, the partload behavior of the working fluids will be considered, and the results of the present analysis will be extended. 
Nomenclature

ORC
Waste Heat Recovery from Long-Haul Trucks with ORC
More than 99% of the heavy-duty trucks in Germany are driven by diesel engines [15] . The main waste heat sources of diesel engines consist of the engine jacket coolant and the exhaust gas, which can be found either on the exhaust pipe or in the Exhaust Gas Recirculation loop (EGR) [7, 8] . All the heat sources can be coupled and recovered in an ORC power system. The coupling is however challenging for system control, to ensure optimal cooling of the main engine, and to keep as low as possible weight and space requirements. A summary of the proposed waste heat recovery configurations with ORC can be found in [16] . To reduce system complexity and achieve light and compact design, only the flue gas will be considered as heat source for the ORC in the present analysis. The layout of a simple ORC is shown in Fig. 1 . The main components are the preheater/evaporator, where the working fluid is vaporized by cooling down the flue gas; an expander, where the thermal energy of the fluid is converted into mechanical power; a condenser, which condenses the working fluid and a pump, which forwards the working fluid to the evaporator to close the thermodynamic cycle. The ORC might also be equipped with a recuperator, which heats up the liquid at the pump outlet by cooling down the vapor leaving the expander, before it is condensed. This can result in a higher efficiency, especially for dry fluids [17] . It is worth mentioning that the recuperator is a gas/liquid heat exchanger, and it might require large heat transfer surfaces. Since its integration increases the weight and volume of the ORC, only a nonrecuperated ORC as in Fig. 1 is considered in the following. In future works, also recuperated ORCs will be considered.
Model development and simulation
This section describes the methodology used in the present work. The ORC is firstly thermodynamically optimized for maximum net power, and the thermodynamic results are subsequently used to design the heat exchangers, which are optimized for minimum weight. The flue gas properties are taken from [18] .
The ORC is thermodynamically optimized by means of an in-house code written in MATLAB and validated with Ebsilon®Professional. Once the temperature, mass flow rate and chemical composition of the heat source are known, the optimal turbine inlet pressure and temperature are defined for a given working fluid. The objective function is the ORC net power output Pnet, which must be maximized:
where P is the power output, ṁ is the mass flow rate, h is the specific enthalpy, η is the efficiency and the subscripts 'e', 'p', 's', 'in' and 'out' refer respectively to the expander, pump, isentropic transformation, inlet and outlet. Due to relatively novel interest in expanders for mini-ORCs and the peculiar unconventional behavior of organic fluids, accurate correlations describing the efficiency of ORC expanders are not well established. Therefore, the code assumes constant expander and pump efficiency and a given minimum pinch-point temperature difference for each fluid (see Table 1 ). Since the condensing temperature can have a large impact on the condenser heat exchanger surface, the analysis is carried out for three different condensing temperatures (30-50°C [7, 13] ). Notice that some works propose condensing temperatures above 60°C because of the utilization of an intermediate cooling loop [9] and/or because of more extreme environmental conditions (low vehicle speed and higher ambient temperatures [19] ). In this work, the focus is on driving conditions on highway and relatively mild ambient temperature (20°C). In extreme cases, a fan might be required to ensure full condensation. No electrical generator is considered, since the ORC expander might directly transfer all the mechanical power to the main engine shaft. Pressure drops in heat exchangers and pipes are neglected in the optimization tool. The maximum inlet turbine pressure is equal to 80% of the critical pressure and lower or equal to 30 bar [20] , and the minimum condensing pressure pk is set at 1 bar, as summarized in Table 1 .
The evaporator considered in this analysis is a finned shell-and-tube heat exchanger, where the flue gas flows on the shell side, and the working fluid is vaporized inside steel tubes (see Fig. 2a ). The considered arrangement is cross counter-flow, as described in [21] . The tubes are considered as circular, and an in-line arrangement is preferred to the staggered to limit the pressure drop on the flue gas side. The fins are assumed to be circular. Pipe thickness t has a significant impact on the weight of the heat exchanger, and therefore adjusted as a function of the evaporation pressure, 2) where p is the fluid pressure, d the external pipe diameter, and σ the material ultimate tensile strength (set to 807 MPa for 304L steel). According the pipe outer diameter, a minimum thickness is set as a function of the tube diameter [23] :
A number of 6 pipes in series are considered for the same row, as in [21] . The tube length is set to 0.3 m. Most of the heat transfer correlations are defined in the VDI Heat Atlas [24] . For the heat transfer on the flue gas side, the following correlation is used (Section G7 in [24] ): (4) where λ is the thermal conductivity, Re is the Reynolds number, Ag0 is the bare surface area of the tube with no fins, Pr is the Prandtl number and the factor C = 0.22 for in-line arrangement. The heat transfer coefficient is corrected to account for the effect of the fins:
where ηfin is the fin efficiency according to Schmidt [25] , Afin is the fin heat transfer area and A is the total shell heat transfer area. For single-phase working fluid, Gnielinski's equation is used (Section G1 in [24] ). In the transition region (2300 < Re < 10 000) the correlations for constant wall temperature are applied. For two-phase evaporation, the equation for convective flow boiling in horizontal tubes is used and integrated over a vapor quality from 0 to 1 (Section H3.4 in [24] ). A correction factor for the logarithmic mean temperature difference (LMTD) is also included, to account for the multi-pass arrangement. Given the desired inlet and outlet temperature of the heat exchanger, the LMTDcf for cross-flow heat exchanger with mixing on one-side (the tube side) can be determined [26] . Given the number of rows n and the LMTDcc for a pure counter-flow heat exchanger, the LMTD for a counter cross-flow heat exchanger is expressed by [26] : (6) The pressure drop on the flue gas side is determined by the equation for tube bundles in cross-flow proposed by the VDI Heat Atlas (Section L1.4 in [24] ). The pressure drop for the enlargement and reduction in the exhaust pipe caused by the ORC evaporator is also considered (Section L1.4 in [24] ). It is assumed that the exhaust pipe of the truck has a diameter of 0.11 m. For simplicity, the pressure drop at the entrance is approximated as the one for an inlet/outlet diameter ratio equal to 1.5. For the working fluid, the pressure drop in single phase is computed by means of Colebrook's equation [27] . The tube roughness is set at 0.045 mm [23] . For the two-phase region, Friedel's equation is used [28] . The pressure drop on the working fluid side is increased by the bends and changes of direction of the fluid flow. 180° bends are considered, multiplying by 1.8 times the pressure drop for 90° bends, as suggested in [29] . The pressure drop for the flue gas is limited to 15 mbar, whereas for the working fluid the limit is set at 200 mbar. The evaporator weight includes not only the weight of the heat exchanger metal, but also the weight of the working fluid at the design point. The weight of the flue gas is neglected, since it should not influence significantly the ORC weight. The heat exchanger volume considers the outer region occupied by the heat exchanger. The optimization variable for the evaporator design are the tube outer diameter d, the fin outer diameter D, the fin thickness s and the fin pitch (s+a) (see Fig. 2a ). The optimization variables are chosen so that the evaporator weight is minimized.
The condenser applied in this work is shown in Fig. 2b . As typical truck coolers, it is made of finned flat-tubes, where the working medium condenses inside the tubes, and air flows in cross-flow through the fin spacing. The plates are considered aluminum rectangular plates with single channel and the fins are louvered, to improve the heat transfer. The working fluid must be completely condensed at the condenser outlet, and no subcooling is considered. The heat exchanger is discretized in cells along the working fluid path, so that the influence of the gradual change in vapor quality for the working fluid can be properly represented. The LMTD is corrected to account for a pure cross-flow arrangement, as described in Section C1 in [24] . The correlations used for the heat transfer coefficients are given in Table 2 . The heat exchanger model is written in MATLAB and optimized for minimum weight. The optimization variables are the tube width WT, fin height HF and fin pitch Fp. The velocity of the incoming air is fixed at 40 km/h, and the air outlet temperature and mass flow rate are found iterating on the tube length. The main geometrical assumptions are summarized in Table 3 . The tube thickness is also corrected as a function of the condensation pressure pk, by a simplified version of Eq. 1 [23] : (7) where dh is the tube hydraulic diameter and the minimum thickness is tmin = 0.5 mm. The pressure drop on the air side is computed making use of Kim and Bullard's correlation, and limited to 50 mbar, to reduce vehicle drag. For the working fluid, Colebrook's equation is used for single phase, whereas in the two-phase region Friedel's equation is applied, as for the evaporator. The pressure drop is also corrected to account for flow bending as in section L2.2 in [24] . The maximum pressure drop on the working fluid side is set to 100 mbar. The model (without optimization routine) is validated with the Condenser example for flat tubes in the Heat Exchanger library from Modelon [30] , with error below 2% for temperatures and heat transfer rate.
Results
This section shows the main results from the ORC and heat exchanger design optimization. Only the core weight and volume of the heat exchangers are considered for the entire ORC, because these have the highest contribution [9] . The flue gas entering the ORC evaporator has a mass flow rate of 0.19 kg/s and a temperature of 600 K, close to the values given by [19] . Cooling air is assumed to be at 293.15 K and the input air velocity is set at 40 km/h. As shown in Fig. 3 , the highest net power output is reached by acetone, followed by cyclopentane and ethanol. Acetone and ethanol show however very large weight and volume of the heat exchangers, leading to a relatively low PTW and ), even though the power output is at this point almost half of the one with acetone. A very good compromise between power output and PTW/PTV is shown by cyclopentane, whose power output exceeds 6 kW, and PTW is higher than 160 W/kg. Also pentane performs well, with 5.4 kW at 30°C condensation and a PTW of 180 W/kg. For R218, no results could be achieved for condensing temperature at 40°C and 50°C, since the saturation pressure becomes too high. For water, toluene, MM, ethanol, hexane and acetone, the results are shown for a condensing temperature corresponding to the saturation temperature at 1 bar.
Conclusions
In this work, working fluid selection for waste heat recovery with ORC from long-haul trucks is analyzed, with particular attention to the influence of the working fluid on the weight and space requirement of the ORC. It has been shown that some fluids, e.g. acetone, ethanol and toluene, promise a large net power output at the design point, but require a very large size of the system. Cyclopentane and pentane can allow a good trade-off between nominal power output, weight and required space. Isobutane could reach the highest power-to-weight ratio and power-to-volume ratio, but the net power output is lower. A full applicability of the analyzed working fluid can only occur after a thorough consideration of safety and environmental issues. The procedure shown in this paper can be also applied to other transportation systems, where the condenser might have to be adapted to account for alternative cooling media and/or different boundary conditions. As part of future work, a detailed expander model will be included, the offdesign behavior of the fluids will be analyzed, and an economic assessment of the waste heat recovery with ORC will be carried out. 
